Doosan Power Systems has adopted an evolutionary approach to the design and implementation of OxyCoal™ technology combining well proven and commercially available components with state-of-the-art advances in technology, and is leading a number of UK Government supported collaborative projects that are developing oxyfuel combustion technology. The "Demonstration of an Oxyfuel Combustion System" OxyCoal 2 project aimed to demonstrate an oxyfuel combustion system of a type and size (40MW t ) applicable to new build and retrofit advanced supercritical oxyfuel plant. Following conversion to oxyfuel firing, the Clean Combustion Test Facility (CCTF) became the world's largest demonstration facility of an oxyfuel combustion system, and since the official opening on 24 th July 2009 a test programme has been successfully undertaken to demonstrate the full-scale Doosan Power Systems first generation 40MW t OxyCoal™ burner on air and oxyfuel firing, achieving safe and stable operation across a wide operational envelope and CO 2 flue gas concentrations in excess of 75% v/v dry, and up to 85% v/v dry. The OxyCoal 2 project is discussed in the paper and results from testing the full-scale 40MWt OxyCoal™ burner firing bituminous coal in both air and oxyfuel firing operation are presented.
Introduction
At the Copenhagen climate conference (COP15) the Copenhagen Accord of 18 December 2009 [1] was prepared, in which there was a commitment "to reduce global emissions so as to hold the increase in global temperature below 2°C" and to achieve "the peaking of global and national emissions as soon as possible", it being agreed that "deep cuts in global emissions are required according to science". It was recognised that the time frame for meeting these objectives would vary, taking longer in the developing countries than in the developed countries. For the period beyond 2012, the EU and its Member States (including United Kingdom) offered to move to a 30% reduction by 2020 compared to 1990 levels. This global and comprehensive agreement was dependent on the other developed countries committing to comparable emission reductions and on the developing countries contributing adequately according to their responsibilities and respective capabilities.
Prior to COP15, the UK became the first country in the world to have a long term and legally binding plan to cut carbon emissions through the Climate Change Bill, enacted by Royal Assent on 26th November 2008 [2] , which gave a framework for building the UK's ability to adapt to climate change, the aim being to ensure that the net UK carbon account for the year 2050 is at least 80% lower than the 1990 baseline.
For this to be achieved carbon abated clean coal technologies (CATs), as outlined in the UK DTI's Carbon Abatement Technology Strategy [3] , will be required with carbon dioxide (CO 2 ) capture and permanent underground storage (CCS) necessary for retrofit to existing power plant and installation on new build power plant.
With a vision to be an international leader in delivering advanced clean energy technologies, products and services Doosan Power Systems designs, supplies and constructs advanced steam generation technology for the power industry and develops some of the cleanest, most efficient coal-fired power plant in the world. To this end Doosan Power Systems is committed to delivering unique and advanced carbon capture solutions. There are three main pathways to the capture of CO 2 from coal-fired power generation, Doosan Power Systems offering both postcombustion carbon capture technology and OxyCoal™ technology (Doosan Power Systems implementation of oxyfuel combustion technology to coal-fired utility plant) and Doosan Heavy Industries offering integrated gasification combined cycle (IGCC) technology.
Oxyfuel firing, the combustion of fuel in a medium comprising injected oxygen plus recycled flue gas, offers a means of generating carbon dioxide rich flue gas requiring minimal treatment prior to storage or beneficial application.
Doosan Power Systems has adopted an evolutionary approach to the design and implementation of OxyCoal™ technology combining well proven and commercially available components with state-of-the-art advances in technology, and is leading a number of UK Government supported collaborative projects that are developing oxyfuel combustion technology, including:
• Investigation of oxyfuel combustion fundamentals and underpinning technologies • Demonstration of an oxyfuel combustion system
The results from the investigation of oxyfuel combustion fundamentals and underpinning technologies project have been presented previously [4, 5] , and this paper presents the work undertaken during the demonstration of an oxyfuel combustion system project.
Demonstration of an oxyfuel combustion system
As discussed oxyfuel combustion represents one of the more promising of the technologies currently being developed for CO 2 capture. World wide the market for CO 2 capture equipment is likely to be considerable, and it is strategically important for power plant operators and equipment manufacturers to have a developed product within a timescale consistent with the market for this technology. The OxyCoal 2 project "Demonstration of an Oxyfuel Combustion System" is one of a number of projects that aim to prove the oxyfuel combustion technology at large scale, and aims to achieve this by testing on Doosan Power Systems' Clean Combustion Test Facility (CCTF) in Renfrew, Scotland.
The project comprises of the following participants: Doosan Power Systems (Lead), Imperial College London and University of Nottingham. Scottish and Southern Energy plc, Air Products plc, DONG Energy Power, Drax Power Limited, EDF Energy plc, E.ON UK plc, ScottishPower Limited, Vattenfall AB, and UK Coal plc are sponsor participants, with Scottish and Southern Energy plc acting as prime sponsor.
A key element in the development of appropriate oxyfuel combustion technology is the availability of appropriate burner technology, and therefore the objective of the OxyCoal 2 project is to design an OxyCoal™ burner of a type and size (40MW t ) applicable to new build and retrofit advanced supercritical oxyfuel plant and demonstrate its performance.
The project has with the following specific objectives: • Demonstrate successful performance of a full-scale (40MW t ) oxyfuel burner firing at conditions pertinent to the application of an oxyfuel combustion process in a utility power generating plant • Demonstrate performance of an oxyfuel burner with respect to flame stability, NO X , flame shape and heat transfer characteristics • Demonstrate the operational envelope of an oxyfuel burner with respect to flame stability, turndown, start-up, shutdown and the transition between air-and oxyfuel-firing • Demonstrate safe operation of an oxyfuel combustion process under realistic operating conditions • Generate sufficient oxyfuel combustion process performance data to inform future investment decisions 
90MW t Clean combustion test facility
The 90MW t Clean Combustion Test Facility (CCTF), commissioned in 2000 and known then as the Multi-fuel Burner Test Facility, is designed primarily for the development of burners for fossil fuel firing applications and is one of the largest and most modern single burner test rigs in the world. The plant has been designed to enable burners to be developed, optimized and performance tested at full-scale prior to application in industrial plant.
The main component is a horizontal, water-jacketed test furnace that is partly lined with high temperature refractory. The furnace is 17 m long 5.5 m square. An adaptable windbox is fitted on one end of the furnace to accommodate single test burners with throat diameters up to a maximum of 2 m. Observation ports are arranged along one side wall of the furnace on the burner centreline and flame probing access ports, are located on the opposite side wall. A furnace camera is fitted on the furnace side wall for flame observation, monitoring and image recording.
The facility is able to fire a wide variety of fuels; coals (ranging from low volatile semi-anthracites -8% volatile matter (dry, ash free) to high volatile bituminous coals with 50% volatile matter (dry, ash free), up to 35% ash, and up to 20% inherent moisture), heavy fuel oil and natural gas. A storage silo, loss-in-weight feeder and pneumatic transport system is fitted for the supply of pulverized coal to the burner. The system has a maximum feed rate capability of 12 to 14 tonnes per hour depending on the bulk density of the material.
The draught plant consists of forced draught (FD), transport air, primary air (PA), core air and induced draught (ID) fans and blowers. Gas-fired, in duct air heaters are installed to raise fuel transport stream and combustion air temperatures to plant representative values. A multi-cyclone grit collection system is fitted for cleaning of flue gases prior to the ID fan.
A tri-drum boiler with superheater and economiser is installed to cool the flue gases from approximately 1200°C at the furnace exit to approximately 230°C.
To allow the operation of burners under staged combustion conditions modifications to the CCTF were undertaken in 2008. This implementation provided the ability to test two stage combustion (TSC) burners at realistic plant conditions, the system being designed for testing of deep staged burners down to a primary zone stoichiometry of 0.75 at up to 70MW t . Two stage combustion (TSC) air is supplied through any of the three locations of overfire air (OFA) injection, each comprising of two ports in opposed-firing configuration angled towards the centreline of the furnace. A schematic diagram of the CCTF is shown in Figure 1 . To allow testing of an OxyCoal™ burner, the CCTF has been upgraded with the addition of equipment and instrumentation required for oxyfuel firing. The conversion to oxyfuel included the addition of an oxygen storage facility, comprising three liquid oxygen (LOX) storage tanks each with a capacity of approximately 50 tonnes and eight ambient vaporizers to supply gaseous oxygen for injection into primary and secondary flue gas recycle (FGR) streams. The primary and secondary FGR streams replace the primary air and main combustion air respectively, each having a dedicated fan. A transport FGR stream replaces the transport air stream. The transport and primary FGR streams also have additional flue gas cooling systems fitted to condense moisture, followed by in-duct heating as a means to mitigate PF feeding problems with a high moisture flue gas. A proportion of the secondary FGR stream can be redirected to an overfire FGR system for two-stage combustion. A schematic diagram of the CCTF following its upgrade to oxyfuel firing is shown in Figure 2 . 
40MW t OxyCoal™ burner
The Doosan Power Systems' 40MW t OxyCoal™ burner is a first generation burner for oxyfuel combustion. It is based on current low NO X air-fired burner technology which is widely installed in coal fired utility plants worldwide with many years of operating experience, to ensure compatibility with existing plant for retrofit purposes.
A requirement of the 40MW t OxyCoal™ burner is the ability to operate under both conventional air firing and oxyfuel firing conditions at full burner load. The first generation 40MW t OxyCoal™ burner uses a uniform 'simulated air' flue gas composition, where the molar oxygen content of the primary gas is maintained as per primary air, i.e. 21%v/v. The overall stoichiometric ratio and flue gas recycle rate have been chosen so that adiabatic flame temperatures, radiant and convective heat transfer are theoretically equivalent to air firing. Consequently the 40MW t OxyCoal™ burner was designed to best exploit a range of potential operating conditions for both air and oxyfuel firing.
Experimental results for 40MW t OxyCoal™ burner on the 90MW t clean combustion test facility
The test programme was undertaken in three parts. Firstly, the isothermal performance of the burner was characterized. Secondly, the ability of the burner to operate safely under oxyfuel conditions was demonstrated. Thirdly, parametric testing was undertaken.
Isothermal testing
Isothermal testing was undertaken to investigate the burner's aerodynamics in terms of swirl number and pressure drop (k-factor) characteristics of the secondary and tertiary air streams. The measurement of velocity profiles supported computational fluid dynamics (CFD) modelling activities.
Burner proving
To prove the full-scale 40MW t OxyCoal™ burner firing bituminous coal in both air and oxyfuel firing operation in terms of flame stability and control and operability, combustion tests were undertaken and completed by January 2010.
As their contribution to the project UK Coal supplied Kellingley coal, a UK bituminous coal, for the test programme. Kellingley coal is widely used in UK power stations and has also been used on the CCTF to develop, optimize and performance test low NO X air-fired burners. El Cerrejón coal, a Columbian bituminous coal, was also used as it is a widely available world traded coal.
Flame stability
For flame stability ignition should be within the burner throat/quarl zone without the use of support fuel (e.g. oil). A furnace camera is fitted on the furnace side wall for flame observation and was used to continuously monitor the flame root location and general flame shape during both air firing and oxyfuel firing operation. The observation ports arranged along one side wall of the furnace on the burner centreline were used for visual checks of flame length. The 40MW t OxyCoal™ burner at full load has the same flame length for both air and oxyfuel firing. At steady state conditions the flames were well rooted to the flameholder and similar in shape across a wide range of operating conditions for both air and oxyfuel firing.
Control and operability
For control and operability the burner's operational envelope was investigated with respect to start-up, shutdown, turndown and transition between air and oxyfuel firing.
There are two main steps, namely primary air to primary flue gas recycle and secondary air to secondary flue gas recycle, in the transition between air and oxyfuel firing. However, the methodology for the transition is more complicated and involves several decisions, i.e. whether the primary air to primary flue gas recycle step should be completed prior to or following the secondary air to secondary flue gas recycle step, whether the steps should be completed on an oil-fired flame, a coal-fired flame with oil support or an unsupported coal-fired flame, and at full load or reduced loads. During burner proving several methodologies for the transition were investigated and although a preferred methodology for the transition for the CCTF was chosen, most of those investigated are perceived to be practically applicable to oxyfuel boiler plant.
Initially low CO 2 flue gas concentrations of around 50% v/v dry were achieved and it was therefore necessary to investigate the location of air ingress by means of an oxygen survey. Subsequently the sources of air ingress were identified and CO 2 flue gas concentrations in excess of 75% v/v dry, and up to 85% v/v dry, were achieved by reducing the air in-leakage. Hence, consideration will need to be given to the potential sources of air ingress on a utility power plant (e.g. furnace, boiler, economiser or particulate collector) and the means of minimization.
The firing load of the OxyCoal™ burner was turned down in discrete stages from 100% load to 40% load -a comparable turndown to Doosan Power Systems' commercially available air firing low NO X axial swirl burners currently operating around the world. For each load reduction increment first the coal flow (thermal input) was reduced, followed by the primary FGR flow and finally excess oxygen level. The primary FGR turndown was typical of a normal E-mill installation (i.e. the flow was decreased linearly from 100% at mill full load to 70% of the full load value at 50% burner load using a linear interpolation between these two points for intermediate load settings). Steady state part load tests were performed at 32MW t , 24MW t , 20MW t and 16MW t (approximately 80%, 60%, 50% and 40% burner load, respectively). As expected, flame length reduces as load is reduced. A stable, rooted flame was maintained for all loads down to 40%.
Parametric testing
To characterise and investigate the achievable performance of the full-scale 40MW t OxyCoal™ burner firing bituminous coal in both air and oxyfuel firing operation in terms of emissions and thermal performance, parametric testing was undertaken and completed by April 2010.
Emissions
For emissions, characteristic levels of CO 2 , NO X , SO 2 , CO and carbon in ash (CIA) within the burner's stable combustion operating range were determined.
The effect of burner stoichiometric ratio on economiser exit NO is presented in Figure 3 . On a volumetric basis (vppm) oxyfuel firing economiser exit NO concentration is approximately trebled compared to air firing economiser exit NO concentration, largely due to the dilution effects of removing N 2 from the combustion process. However, on a heat input basis (mg/MJ) oxyfuel firing economiser exit NO is reduced by approximately 50% compared to air firing economiser exit NO. Both oxyfuel firing and air firing show a trend of higher economiser exit NO at higher burner stoichiometric ratio. The effect of burner stoichiometric ratio on economiser exit SO 2 is presented in Figure 4 . On a volumetric basis (vppm) oxyfuel firing economiser exit SO 2 concentration is approximately trebled compared to air firing economiser exit SO 2 concentration. However, on a heat input basis (mg/MJ) oxyfuel firing economiser exit SO 2 is reduced by approximately 25% compared to air firing economiser exit SO 2 . This reduction is largely due to dissolution of SO 2 in the flue gas recycle (FGR) cooling system and absorption of SO 2 on fly ash. The effect of burner stoichiometric ratio on economiser exit CO is presented in Figure 5 . On a volumetric basis (vppm) oxyfuel firing economiser exit CO concentration is similar to, or slightly higher than, air firing economiser exit CO concentration, both being typically below 200 vppm dry. For oxyfuel firing it is likely that there is more dissociation of CO 2 to form CO at high temperatures within the flame due to the high CO 2 content of the flue gas. However, on a heat input basis (mg/MJ) oxyfuel firing economiser exit CO is approximately equal compared to air firing economiser exit CO. Both oxyfuel firing and air firing show the widely observed trend of rapidly increasing economiser exit CO at lower burner stoichiometric ratio. The effect of burner stoichiometric ratio on economiser exit carbon in ash unburnt loss is presented in Figure 6 . Although economiser exit carbon in ash (CIA) is high, particularly at low burner zone stoichiometric ratios, when the CIA is converted to unburnt loss the value is below 1% GCV, due to the relatively low ash content of El Cerrejón coal. More significantly unburnt loss is comparable for oxyfuel and air firing. The Clean Combustion Test Facility (CCTF) has a relatively short burnout zone residence time compared to a utility furnace and the gas temperature in the burnout zone is significantly lower, hence it is anticipated that unburnt loss would be lower on full scale utility plant compared to the CCTF. 
Thermal performance
The test facility furnace and boiler thermal performance, in terms of heat release and absorption, was determined. During both air firing and oxyfuel firing testing total absorbed heat flux measurements were taken at 10 locations along the centreline of the furnace. A comparison of the heat flux for both air and oxyfuel firing is presented in Figure 7 . The measurements show that the oxyfuel flame radiates less heat to the walls in the first half of the furnace when compared to air, though similar heat fluxes were observed in the last half of the furnace. The differences in heat flux profile can be explained by a combination of the mass flow through the burner and ash concentration. Thermal performance analysis of the CCTF boiler using Doosan Power Systems' standard design programs showed that the impact of oxyfuel on boiler thermal performance was consistent with that anticipated from the boiler modelling activities.
Conclusions
Following conversion to oxyfuel firing, the Clean Combustion Test Facility (CCTF) became the world's largest demonstration of an oxyfuel combustion system, and since the official opening on 24 th July 2009 a test programme has been successfully undertaken to demonstrate the full-scale Doosan Power Systems first generation 40MW t OxyCoal™ burner on air and oxyfuel firing, achieving safe and stable operation across a wide operational envelope. Flame stability and flame shape under air firing and oxyfuel firing conditions were comparable, and were consistent with theoretical expectations. Safe and smooth transitions between air firing and oxyfuel firing were demonstrated, and knowledge of fan interactions during the transitions gained from operational experience. CO 2 flue gas concentrations in excess of 75% v/v dry, and up to 85% v/v dry, were achieved by reducing air in-leakage. Turndown of the 40MW t OxyCoal™ burner was proven from full load to 40% load, the flame remaining stable and well rooted throughout and the flame length reducing as the load was reduced. The levels of emissions of NO X and SO 2 were significantly lower for oxyfuel firing, reduced by approximately 50% and 25% respectively on a heat input basis (mg/MJ) compared to air firing, and emissions of CO and carbon in ash (CIA) when converted to unburnt loss (%GCV) were comparable for oxyfuel and air firing. The variation in heat flux profiles for oxyfuel and air firing were explained by differences in operating conditions and ash concentration.
Further work
Currently future test programmes on the Clean Combustion Test Facility (CCTF) are under discussion. It is hoped that these talks will result in a continuation of the OxyCoal 2 project, which will also be a collaboration between Doosan Power Systems, the UK Government (DECC), Imperial College London and University of Nottingham, prime sponsor Scottish and Southern Energy, and potentially the group of eight original sponsors (Air Products plc, DONG Energy Power, Drax Power Limited, EDF Energy plc, E.ON UK plc, ScottishPower Limited, Vattenfall AB, and UK Coal plc). The future test programmes will continue research and development of Doosan Power Systems OxyCoal™ technology, leading to the design and testing of a second generation 40MW t OxyCoal™ burner.
Doosan Power Systems is also aiming to demonstrate OxyCoal™ technology on a utility power plant leading to commercialization of the technology.
